Reggies are plasma membrane-associated proteins and characteristic markers of lipidraft microdomains. They are highly conserved from flies to humans and have been implicated in axon regeneration and cell process and contact formation, possibly providing functional platforms for cell-signaling in neurons and other cell types. We analyzed reggie mRNA and protein expression patterns during early zebrafish development. All three zebrafish genes, re-1a, -2a, and -2b, span a considerably diverse set of expression patterns, and their proteins are induced maternally, showing ubiquitous expression at early stages. Although re-2a mRNA can be observed in differentiating neurons in the brain, spinal cord, and neurogenic placodes, re-2b is transcribed mainly in head mesoderm, in neural crest derivates, and along somite boundaries. re-1a mRNA is present at high levels in expression domains that overlap with the combined expression pattern of both re-2 genes except at the somites, where it complements the pattern of re-2b. Immunostaining on embryos reveals reggie protein localization at the cell membrane, at cell-cell contacts, and along all early axon tracts. The early phase of reggie expression suggests a basic and ubiquitous function during the first stages of embryogenesis and into the gastrula period. Upon segmentation, a second phase of expression shows distinctly localized expression patterns, indicating tissue-specific roles and an involvement of re-1a/re-2a in neural development.
Reggie-1 and reggie-2 were originally identified as 48-kD proteins that are up-regulated during axon regeneration in retinal ganglion cells (RGCs) in goldfish and rats (Schulte et al., 1997; Lang et al., 1998) . Because of their biochemical properties, such as insolubility in Triton X-100 and accumulation in floating fractions after sucrose gradient centrifugation, they were initially proposed to be constituents of caveolae (Bickel et al., 1997) . However, they were later characterized as noncaveolar lipid raft microdomains in neurons and many other cell types (Lang et al., 1998; Stuermer et al., 2001) . Reggies are expressed in numerous cell lines and tissues, including those devoid of caveolae, such as neurons (Schulte et al., 1997; Lang et al., 1998; Galbiati et al., 1998) and lymphocytes (Stuermer et al., 2001; Salzer and Prohaska, 2001; Solomon et al., 2002; Rajendran et al., 2003) . In fact, all cell types that can be raised and maintained in culture express reggie. The same two proteins were independently identified in mice and fruitflies and named flotillin-1 and -2 (corresponding to reggie-2 and -1, respectively; Bickel et al., 1997; Galbiati et al., 1998) . The presence of reggie-1 and -2 forms in these organisms with an intraspecies amino acid (aa) similarity of approximately 53% reveals their ancient origin (Má laga-Trillo et al., 2002) . Their degree of evolutionary conservation is strikingly high: Rat reggie-2 aa sequence is 98% and 63% similar to its human and fly counterparts, respectively (Má laga-Trillo et al., 2002) , suggesting an important function maintained in metazoans. A genome duplication in bony fish is likely to be the cause for the presence of up to four expressed reggie genes in this group, re-1a, re-1b, re-2a, and re-2b . The zebrafish has retained three of these genes: re-1b, and the 83% similar re-2a and -2b (Má laga-Trillo et al., 2002) .
Reggie-1 and -2 are associated with the cytoplasmic face of the cell membrane by acylation (Morrow et al., 2002; Neumann-Giesen et al., 2003) and form distinct microdomains of Յ0.1 m (Stuermer et al., 2001 ) in axons and growth cones (Lang et al., 1998; Deininger et al., 2003) . Upon activation via antibody (Ab) cross-linking, GPIanchored proteins of the immunoglobulin (Ig) superfamily, such as Thy-1 and F3, assemble in reggie microdomains (Lang et al., 1998) and associate with src tyrosine kinases and other signaling molecules. Moreover, the cellular prion protein (PrPc) coclusters with reggies in T lymphocytes in a process known as capping and induces a signal transduction cascade that causes a brief but distinct elevation of intracellular Ca 2ϩ and MAP kinase phosphorylation . The colocalization of PrPc, activated cell adhesion molecules (CAMs), reggies, and src family tyrosine kinases in neurons, astrocytes, and T cells suggests that reggies participate in signal transduction in all these cell types (Stuermer et al., 2001; . In adipocytes, reggie-2/flotillin-1 interacts with CAP and cbl and via further adaptor proteins with the cytoskeleton (Baumann et al., 2000; Kimura et al., 2001; Kioka et al., 2002) , which results in translocation of the glucose transporter (GluT)-containing vesicles to the plasma membrane. A role of reggie in signal transduction, membrane localization, translocation, and proper positioning of CAMs has more recently been described. Drosophila mutants overexpressing reggie in the eye imaginal disk exhibit developmental defects in the complex eye (Höhne, 2004) . Moreover, highly abnormal zebrafish embryos with significant brain defects were obtained through early injections of morpholino antisense RNAs (Má laga-Trillo et al., 2003) , implying that reggies participate in signaling pathways that control morphogenesis and patterning of nervous system structures in flies and zebrafish and, thus, most likely in all species and cellular systems that express reggie.
The fact that the reggies form homo-and hetereooligomers and associate with intracellular and specific cell surface proteins led to our current interpretation that the reggies form platforms or scaffolds for focal protein interactions and signal transduction events that result in the reoganization of the cytoskeleton and positioning of recognition molecules, such as Ig CAMs . The relevance of such cellular processes in vivo is not fully understood, but the up-regulation of reggies in vertebrate regenerating neurons (Schulte et al., 1997; Lang et al., 1998) suggests that reggie-dependent events are involved in neural development and repair. Moreover, fruitfly reggies are expressed mainly in neural tissue (Galbiati et al., 1998; Hoehne, 2004) . Indeed, neuronal lipid rafts are becoming increasingly important in the understanding of growth cone guidance (Guirland et al., 2004) . Because neuronal lipid rafts contain no caveolin (Simons and Toomre, 2000; Stuermer et al., 2001) , reggies also constitute an excellent entry point for studying raft microdomains as functional platforms for signal transduction and actin cytoskeleton rearrangement during neural development. With this perspective in mind, we analyzed here the spatiotemporal dynamics of reggie mRNA and protein expression during zebrafish embryonic development, to gain insight into reggie in vivo functions and as a basis for the understanding of ongoing gene targeting and overexpression experiments.
MATERIALS AND METHODS Animals
Zebrafish embryos (wt and golden strain) were raised at 28°C in the central animal facility (TFA) of the University of Konstanz. Transgenic fish expressing islet-green fluorescent protein (GFP) in the branchiomotor nerve nuclei (Higashijima et al., 2000) were used for double immunostainings with anti-re Ab monoclonal (m) Ab and anti-GFP polyclonal (p) Ab. Embryos were staged in hours post fertilization (hpf) and days after fertilization (dpf) according to Kimmel et al. (1995) . To block pigment development, embryos were raised in 0.2 mM 1-phenyl-2-thiourea (PTU; Sigma, St. Louis, MO) from 15 hpf onward. Prior to fixation, embryos were dechorionated and anesthetized in 0.03% aminobenzoic acid ethyl ester (MS222; Sigma).
cDNA synthesis and RT-PCR analysis
Embryonic RNA was prepared with the RNeasy Mini Kit (Qiagen, Chatsworth, CA) with oligo dT primers. For each stage, 5 g of total RNA were reverse transcribed into first-strand cDNA by using the Superscript II System (Gibco BRL, Grand Island, NY). Quality of the cDNA pools was controlled by polymerase chain reaction (PCR) amplification of the 3Ј end of the actin gene with commercial primers (Invitrogen, La Jolla, CA). Zebrafish reggie gene transcripts (Má laga-Trillo et al., 2002) were detected with gene-specific primers targeting coding sequences across introns, to determine clearly the possibility of genomic contamination: ZFRe1aORF-F (5Ј-ATGGGGAATTGCT-ACACGGTAGGA-3Ј, exon 2) and Re1a5ЈGSP1 (5Ј-TCT-CAATACCCATCCTGCCCACG-3Ј, exon 6), product size: 445 bp; ZF-Re2a-ORF-F (5Ј-AAATGTTTTATACCTGCG-GTCCCAAT-3Ј, exon 2) and ZF-Re2a-ORF-R (5Ј-TATTC-ATGTCGGAGAACTGCTTCAG-3Ј, exon 13), product size: 1,295 bp; ZF-Re2b-ORF-F (5Ј-TAAGGATGTTTTACA-CCTGTGGTC-3Ј, exon 2) and ZF-Re2b-ORF-R (5Ј-GCTT-CCTTCATCATCATCATCTTCATT-3Ј, exon 12), product size: 1,308 bp. All product sizes given correspond exclusively to cDNA and not genomic amplification, for which much larger products would be expected (25.4, 14.6, and 14.8 kb, respectively) .
Whole-mount in situ hybridization
Reggie gene sequences were amplified and cloned into the pCRII-TOPO vector (Invitrogen). The following antisense RNA probes were transcribed from sequenced plasmid DNA containing the required insert: Reggie-1a coding probe, 1,051 bp, exons 3-12; Reggie-1a UTR probe, 1,119 bp (1,015 bp of 3Ј UTR); Reggie-2a coding probe, 1,295 bp, exons 2-12; Reggie-2a UTR probe: 694 bp (536 bp of 3ЈUTR); Reggie-2b coding probe, 736 bp, exons 3-9; Reggie-2b UTR probe: 734 bp (672 bp of 3ЈUTR). DNA sequences are available upon request. Digoxigenin (DIG)-labeled riboprobes were synthesized with the DIGlabeling kit (Roche, Indianapolis, IN) as described by the manufacturer. Specificity of the antisense probes was verified by running controls experiments with sense probes.
In situ hybridization experiments were performed following standard protocols (see http://zfin.org/zf_info/zfbook/ chapt9/9.8.html). After staining, the yolk sack was removed with sharpened tungsten needles, and embryos were mounted in glycerol. To examine ocular expression patterns, eyes were removed and mounted separately. Some embryos were embedded in Durcupan AMC (Fluka) for sectioning in a microtome. Transcription patterns were visualized with an Axioplan 2 microscope (Carl Zeiss) and photographed with a Zeiss Color Axiocam attached to it or with a Nikon Coolpix 4500 digital camera, and further processed with Adobe Photoshop 6.0.
Western blotting
Staged zebrafish embryos were homogenized with a tissue douncer in reducing sodium dodecyl sulfate (SDS) sample buffer, pH 6.8 (20 l/mg tissue), containing a protease inhibitor cocktail (Complete Mini; Roche) and incubated for 10 minutes in an ultrasonic ice bath. The samples were spun down, and the supernatant was boiled for 5 minutes at 95°C. The proteins were resolved in 10% SDS-PAGE electrophoretic gels and immunoblotted as described previously (Stuermer et al., 2001) . Reggie-1 and -2 were detected with mAb ESA (Transduction Laboratories, Lexington, KY) and mAb 642, respectively (see Lang et al., 1998) .
Immunohistochemistry
Embryos were incubated on ice in 50% methanol in phosphate-buffered saline (PBS), pH 7.4 (2 minutes), 100% Me-OH (5 minutes), and 50% Me-OH in PBS (2 minutes). After three 5-minute washes in PBS, embryos were incubated in blocking buffer [1% dimethylsulfoxide (DMSO; Merck), 0.7% Triton-X-100 (Fluka), 1% bovine serum albumin (BSA; Sigma), 2% donkey serum, 2% goat serum in PBS] for 1 hour at room temperature (RT) and then exposed to primary Abs overnight at 4°C. Affinitypurified anti-re-1 and anti-re-2 pAbs (see Stuermer et al., 2001; Rajendran et al., 2003) and the anti-re-2 mAb were used as primary Abs. For double immunostainings, an antipaxillin mAB (1:2,000) and an anti-GFP pAB (1:5,000) were used (BD Transduction Laboratories).
Embryos were washed three times for 15 minutes each in PBS and incubated with secondary Abs [cyanin-3-coupled donkey anti-mouse IgG (H ϩ L; Jackson Immunoresearch, West Grove, PA) and/or Alexa-488-coupled goat anti-rabbit IgG (H ϩ L; Molecular Probes, Eugene, OR)] overnight at 4°C. Embryos were rinsed in PBS, freed from their yolk sacks, and embedded in Mowiol (Calbiochem, La Jolla, CA) containing n-propylgallate (Sigma). Stained specimens were examined with a confocal laser scanning microscope (LSM 510; Zeiss). Images were digitally processed with LSM software (LSM-5 image browser; Zeiss) and Adobe Photoshop 6.0. Antibody stainings against re-1 and re-2 were consistent with the expression pattern of the respective mRNAs.
RESULTS

Reggie genes and proteins during embryonic development
Reggie transcription was examined by in situ hybridization up to 5 dpf and was verified by RT-PCR for the first 12 hpf. All zebrafish reggie mRNAs are present from the one-cell stage onward (Fig. 1A) . Insofar as embryonic transcriptional activation begins at 2 hpf (Kane and Kimmel, 1993; Pellegri, 2003) , the reggie mRNAs present prior to this stage can be assumed to be of maternal origin. Maternal re-1a mRNA is distributed evenly in the four cell -1a, re-2a, and re-2b at 0.2, 4, 8, and 12 hpf. Amplification of actin mRNA was used as a positive control for the quality of template RNA. Negative controls used RT reactions without reverse transcriptase as a template (only re-2b shown). B: Western blots show re-1 and re-2 protein from 0.2 hpf to 22 hpf. Anti re-1 Ab recognizes a double band, which presumably represents posttranslational modifications; the upper band is stronger at 0.2 hpf, and the lower band is stronger at 22h. re-2 Is detected between 0.2 hpf and 12 hpf and shows an increase at 22 hpf. A, markers for base pairs (bp) at left; B, molecular weight markers (kd) at left.
stage at 1 hpf ( Fig. 2A) and is seen, together with re-2b, over the entire embryo at 12 hpf (Fig. 2C,D) . For technical reasons, re-2a could not be detected by in situ hybridization before 12 hpf (Fig. 2B ), but it is seen at 16 hpf in the trigeminal placode (data not shown). From 16 -18 hpf onward, the three genes display distinctly localized expression domains, and re-1a occurs together with either re-2a or re-2b, the two of which in turn show nonoverlapping patterns. In general, the expression domains of re-1a mRNA are the nervous system, the head mesoderm, the head neural crest, and the central region of the somites; re-2a mRNA is restricted to specific regions of the nervous system; and re-2b mRNA is seen in the head mesoderm and neural crest as well as along the myosepta ( Fig. 2E-G) . At 30 hpf, the expression domains of re-1a and re-2a/re-2b overlap partially, as schematically shown in Figure 2H .
Our re-2 Abs (see Materials and Methods) do not discriminate between zebrafish re-2a and re-2b proteins because of the high similarity between these duplicated proteins, so we refer to the combined re-2 protein expression pattern. Western blots show the presence of re-1 and re-2 protein throughout the first day of development (Fig. 1B) . The double band recognized by the anti-re-1 mAb (Fig. 1B ) is likely to represent posttranslational modifications (Neumann-Giesen et al., 2003) . Re-2 Abs stain specific regions of the developing central and peripheral nervous systems (CNS and PNS), the neural crest in the head, and the vertical myosepta (Figs. 3-7) . Anti-re-1 pAb additionally binds to the head mesoderm and muscle cells in the head and tail.
For all antibodies, the staining is seen along the cell membrane, extending into the tips of axonal processes and growth cones and appearing patchy at higher magnification ( Fig. 3A-C) , which is the typical staining pattern of re-1 and re-2 in fish and cultured mammalian cells (Lang et al., 1998; Stuermer et al., 2001) . Figure 1A ) but not by situ hybridization (B). E-H: At 30 hpf, the three zebrafish reggie genes are expressed in distinct and partially overlapping patterns. re-1a Is expressed in the nervous system, the head mesoderm and neural crest, and the centers of the somites (E). re-2a
Is expressed in the nervous system (F). re-2b Is expressed in the head mesoderm and neural crest and along the myosepta (G). H summarizes schematically E-G. Red, expression of re-1a in the somite centers; yellow, expression of re-1a and re-2a in the nervous system; purple, expression of re-1a and re-2b in the head mesoderm and neural crest; blue, expression of re-2b along the myosepta. t, Telencephalon; oo, olfactory organ; epi, epiphysis; ist, isthmus; gV, trigeminal ganglion; hbc, segmental clusters of neurons in the hindbrain. Scale bar ϭ 250 m.
re-1 And re-2 are enriched at cell-cell contact sites and in axon fascicles ( Fig. 3D-F) . As exemplified by the projections of spinal motor neurons ( Fig. 3G-I ), high levels of protein can be detected where axons join or leave fascicles.
Reggie-1a and reggie-2a expression during neural development
The expression of re-1a and re-2a follows the sequence of neuronal differentiation previously revealed by markers such as acetylcholinesterase (AChE; Wilson et al., 1990; Ross et al., 1992) , ␥-aminobutyric acid (GABA; MacDonald et al., 1994) , and islet-1 (Appel et al., 1995; Higashijima et al., 2000) in the fore-and midbrain, the olfactory organ and the eye, the hindbrain, and the spinal cord. The expression pattern of re-1a in the CNS resembles closely that of re-2a but appears more diffuse in the hindbrain and differs in the eye. Because visualization of re-1a in the brain is masked by staining of the head mesoderm and neural crest, we use re-2a data to illustrate reggie expression in the nervous system (Fig. 4) . Expression in the PNS begins in the neurogenic placodes during segmentation and is seen subsequently in cranial nerves and lateral line ganglia. re-1a mRNA, but not re-2a mRNA, is detectable in the otic vesicle and in the neuromasts of the lateral line system in early larval stages. re-1 And re-2 Abs label the same neuronal cell bodies revealed by in situ hybridization, and their respective fiber tracts (see Figs. 5-7).
Fore-and midbrain
Two major bilateral clusters of newborn neurons transcribe re-1a and re-2a mRNA at 19 hpf: the dorsorostral clusters (drc) in the progenitor region of the telencephalon and the ventrorostral clusters (vrc) in the region of the later ventral diencephalon (Fig. 4D) . At 22 hpf, these clusters condense into distinct nuclei located at the points of origin of the first axonal pathways: the telencephalic nucleus (tn) in the area of the anterior commissure, the nucleus of the tract of the postoptic commissure (nTPOC), the epiphysis (epi) in the diencephalon, and the nucleus of the ventral longitudinal tract (nVLT) in the mesencephalon ( Fig. 4A ; Wilson et al., 1990; Chitnis and Kuwada, 1990; Ross et al., 1992; MacDonald et al., 1994) . At 30 hpf, additional cell bodies appear stained in the area of the anterior (AC) and postoptic (POC) commissures (Fig. 4B) . Additional reggie expression in the tracts interconnecting these clusters of neurons is detected by Abs (Fig. 5A-G) . The three commissures (anterior, AC; postoptic, POC; posterior, PC) and the major ventrorostral tracts can be clearly distinguished by 30 hpf (Fig. 5B) . re-1 And re-2 protein expression in the optic tectum (te) begins between 2 and 3 dpf (Figs. 5E, 6B) and is prominent in the 7 dpf larva (Figs. 5F, 7A-C; see next section). This upregulation coincides temporally with the arrival of the first RGC axons in the tectum around 48 hpf (Stuermer, 1988; Laessing and Stuermer, 1996) . Toward the end of embryogenesis, nuclei and brain nerve tracts of the oculomotor (III) and trochlear (IV) cranial nerves, adjacent and anterior to the isthmus (ist, midbrain-hindbrain boundary), become recognizable by in situ hybridization and immunostaining (Figs. 4C, 5C ).
Eye
Around 30 hpf, when the first RGCs differentiate in the ventronasal retina, adjacent to the choroid fissure (Laessing et al., 1996; Masai et al., 2000) , weak re-1 and -2 immunostaining of the entire neural retina can be seen along with a stronger signal at the optic fissure (Fig. 6F) . At 48 hpf, expression of re-1a mRNA in the RGC forms a ring around the lens (Fig. 6A) . re-2a, However, is seen only in the ventronasal region of the neural retina and in cells lining the optic fissure (Fig. 6B) . At 52 hpf, re-2a is expressed in a semicircle in nasal RGCs and only weakly in temporal RGCs; there is a sharp border between re-2a-positive and re-2a-negative RGCs at the optic fissure (Fig.   6C ). Thereafter, expression of re-2a progresses clockwise (left eye) and forms a wide band that spans the dorsal retina at 60 hpf (Fig. 6D) . At 5 dpf, when the different retinal layers are formed, expression of re-2a is seen in the RGC layer and at the inner edge of the inner nuclear layer (INL; Fig. 6E ). Unlike re-2a expression, the expression of re-1a does not follow a spatiotemporal sequence and is distributed evenly in RGCs around the lens from 48 hpf onward (data not shown). At 5 dpf, the distribution of re-2a is identical to that of re-1a (Fig. 6E) . The dynamics of re-2a expression in the eye, though it is a much later event, are reminiscent of the wave of neuronal differentiation that progresses through the retina from 28 hpf onward (Laessing and Stuermer, 1996; Masai et al., 2000) . The up-regulation of re-2a mRNA in nasal RGCs at 48 hpf coincides with the arrival of the RGC axons in the tectum (Stuermer, 1988) rather than with the early differentiation of RGCs. Consistently with the distribution of re-2a mRNA, re-2 protein is concentrated in the ventronasal portion of the retina at 48 hpf and in the RGC axons entering the tectum (Fig. 6G) . In larval stages (after 72 hpf), anti-re-2 Abs label the nuclear layers of the eye, the inner and outer plexiform layers (IPL and OPL), and the optic nerve head (onh; Fig. 6H ).
Staining of RGC axons by anti-re-2 Abs in the optic nerve (on) is much stronger at 52 hpf than at 5 dpf (Fig.  6I,J) , most likely because, at 52 hpf, all RGC axons in the on contain re-2, whereas, at 5 dpf, only a subset of RGC axons that have newly joined the on (Stuermer, 1988) express re-2. In larval stages, re-1 protein is found in the same retinal layers and along the on as re-2 (Fig. 6K) .
Olfactory organ
re-1a and re-2a transcription in the olfactory epithelium can be clearly seen at 30 hpf, when the olfactory placode has evaginated and forms the cup-shaped olfactory organ (oo; Fig. 4B ), which persists up to 4 dpf. re-1 And re-2 proteins are detected in the oo (Figs. 5 C,E,F, 6A) and in the on (I cranial nerve), which connects the sensory neurons of the oo with the precursor region of the olfactory bulb (ob) in the anterior-most region of the telencephalon (Fig. 5E,F) .
Hindbrain
The early zebrafish hindbrain is subdivided into nine neuromeres. The bilateral clusters of the earliest reticulospinal neurons in the central region of the six anteriormost neuromeres (Metcalfe et al., 1986; Hanneman et al., 1988; Trevarrow et al., 1990 ) express re-1a and re-2a mRNAs between 18 and 48 hpf (Fig. 4A,B) . After 24 hpf, the reggie expression in the rhombomeres appears as large regular clusters exceeding the area of the reticulospinal neurons (Fig. 4B) , suggesting that other cells in the center of each rhombomere express reggie mRNA as well.
Antibodies against re-1 and re-2 reveal the ventral longitudinal tract (VLT) and the dorsal longitudinal tract (DLT; Fig. 5A,B) , which receive the axons of reticulospinal and trigeminal neurons and run through the hindbrain toward the spinal cord (Metcalfe et al., 1986) . By the end of the pharyngula period (48 hpf), the motor nuclei of the cranial nerves in the hindbrain begin to produce re-1a and re-2a mRNA and protein: the anterior and posterior nuclei of the nervus trigeminus (nVa, nVp), the triangular nuclei of the nervus facialis (nVII), the nuclei of the nervus glossopharyngealis (nIX), and the semicircular nuclei of Fig. 4A ) as well as the axonal tracts that interconnect them are labeled by anti-re-2 Ab. The epiphysis is out of focus. B: At 30 hpf, re-2 protein is also seen in the three forebrain commissures. C: In the 48 hpf embryo, re-2 is found in the oo and the forebrain commissures. In the hindbrain, components of the cranial nerves overlay clusters of neurons in the center of the neuromeres (compare D). D: Dorsal focus plane (depth 10 m) of the hindbrain at 48 hpf reveals re-2-positive components of cranial nerves V, VII, and X. E: In the 3 dpf larva, re-2 is located in the oo, the eye, the t, the te, and the hindbrain. F: The distribution of re-2 at 7 dpf is essentially the same as that at 3 dpf (compare E). tn, Telencephalic nucleus; nTPOC, nucleus of the tract of the postoptic commissure; TPOC, tract of postoptic commissure; nVLT, nucleus of the ventral longitudinal tract; VLT, ventral longitudinal tract; gV, trigeminal ganglion; DLT, dorsal longitudinal tract; hcb, clusters of differentiating neurons in the hindbrain neuromeres; gpll, ganglion of the posterior lateral line; P, posterior lateral line nerve; AC, anterior commissure; POC, postoptic commissure; PC, posterior commissure; epi, epiphysis; oo, olfactory organ; le, lens; on, optic nerve; III, III cranial nerve; VII, facial nerve; gX, vagus ganglion; mn, spinal motor neuron; nVa, anterior nuclei of the trigeminal nerve; nVp, posterior nuclei of the trigeminal nerve; nVII, nuclei of the facial nerve; nX, vagus motor nuclei; ob, precursor region of the olfactory bulb; IPL, inner plexiform layer; cn, ciliary nerve; t, telencephalon; te, tectum; vl, vagal lobe. Scale bars ϭ 100 m. At 52 hpf, a broad band of nasal RGCs expresses re-2a, whereas expression in the temporal half of the retina is considerably weaker (C). At 60 hpf, RGCs in the dorsal half of the retina express re-2a (D). re-2a-Expressing RGCs form a full ring around the lens in the 5 dpf larva. Low expression of re-2a is also detected in the INL (E). F: At 30 hpf, anti-re-2 AB does not stain the neural retina above background levels. re-2 Is present at high levels in the adjacent olfactory organ, in the neural crest cells surrounding the eye and the oo, and in cells lining the of. G: At 48 hpf, re-2 is strongly expressed in the nasal RGCs and the onh. Dorsal to the eye, RGC axons arriving in the tectum from the contralateral eye are labeled by re-2. H: In the 5 dpf larva, only a narrow ring of RGC and the optic nerve head are stained. OPL, INL, and IPL have differentiated and express re-2. I: At 52 hpf, the on is strongly stained. J: At 5 dpf, fewer RGC axons leaving through the on are re-2 positive than at 48 hpf. K: At 4 dpf, re-1 is expressed in the retina and the on in the same pattern as re-2. le, Lens; OPL, outer plexiform layer; IPL, inner plexiform layer; INL, inner nuclear layer; oo, olfactory organ; of, optic fissure; nc, neural crest; RGC, retinal ganglion cells; onh; optic nerve head; te, tectum; AC, anterior commissure; ch, chiasm. Scale bars ϭ 100 m in A (applies to A-E); 50 m in F-J; 100 m in K.
the nervus vagus (nX; Figs. 4C, 5D ). Double immunostaining with anti-GFP pAB in transgenic fish expressing islet-GFP in the branchiomotor nerve nuclei (see Fig. 9A -C) reveals that reggie protein accumulates mainly in the fiber tracts leaving the branchiomotor nerve nuclei (see Fig. 9A ) , whereas islet-GFP is located predominantly in the corresponding cell bodies (see Fig.  9B ). In summary, as in the fore-and midbrain, re-1a Fig. 7 . Coexpression of re-1 and re-2 protein in the 7 dpf zebrafish larva. A-I: Lateral view. A-C: At 7 dpf, both re-1 (A) and re-2 (B) are expressed in the nervous system. The double staining indicates variable ratios of re-1 and re-2 in some structures: Whereas gV is equally strong stained in A (re-1) and B (re-2), gVII and gX are only weakly stained in A (re-1) and strongly stained in B (re-2). Re-1, but not re-2, is expressed in connective tissue and cranial muscles. D-F: Detail of the lower lip indicated in C. Re-1 is expressed in the distal branches of the V and in cranial muscles of the mandibular arch (ima, imp). Re-2 is expressed only in the distal branches of the V. Arrowheads mark the sites of neuromuscular synapses. G-I: Detailed view of the gills indicated in C. Neuroepithelial cells of the gill filaments and nerves innervating them display high levels of re-2 (H) and lower levels of re-1 (G). Anti-re-1 also stains the surrounding connective tissue. t, Telencephalon; te, tectum; gV, trigeminal ganglion; nV, nuclei of the trigeminal nerve; gVII, facial ganglion; gX, vagus ganglia; nX, vagus nuclei; V, distal branch of the trigeminal nerve; ima, intermandibularis anterior; imp, intermandibularis posterior. ct, cartilage; nt, neuroepithelial cell. Scale bar ϭ 100 m.
and re-2a expression in the hindbrain marks sites of neuronal differentiation.
Cranial nerve ganglia and tracts
Expression of re-1a and re-2a is detected in the trigeminal placode (tp)/ganglion (gV) from 16 hpf onward (Fig.  4A-D,M) . The ganglia of the VII, IX, and X cranial nerves (Chandrasekhar et al., 1997) become stained in the second half of the pharyngula period (Fig. 4B,C,M) . re-1 And re-2 Abs stain these cranial nerve ganglia and their corresponding nerve tracts. While anti-re-2 Ab marks fiber tracts crossing all mentioned cranial nerve ganglia in the 7 dpf larva (Fig. 7B,C) , anti-re-1 Ab labels gV strongly and gVII and gX weakly (Fig. 7A,C) . Double immunostaining (re-1 and re-2) reveals the different re-1/re-2 ratios in gV vs. gVII/gX (Fig. 7C) . Figure 7D -F shows the re-1-and re-2-positive nerve tips of the V cranial nerve, which extend to the lower jaw and innervate two re-1-positive muscles of the mandibular arch, the intermandibularis anterior (ima) and the intermandibularis posterior (imp). Minute dots at the distal nerve endings of the muscle (arrowheads in Fig. 7D-F) presumably represent neuromuscular synapses (see Discussion). In the developing gill filaments of 7 dpf larvae, large neuroepithelial (chemosensory) cells along the branches of the IX and X cranial nerves (see Jonz and Nurse, 2003) express re-2 strongly (Fig. 7H ) and re-1 weakly, the latter also being present in connective tissue surrounding the nerve tracts (Fig. 7G,I ).
Otic vesicle and lateral line system
re-1a, But not re-2a, expression is seen in the sensory epithelium at the internal surface of the otic vesicle from 18 hpf onward (Fig. 4F) . The cells of the sensory epithelium express medium levels of re-2b mRNA (data not shown). From 18 hpf onward, re-2a mRNA is expressed in the posterior lateral line placode (pllp). The pllp splits around 22 hpf into a posteriorly migrating portion, which forms neuromasts, and a stationary portion, which forms the ganglion of the posterior lateral line (gpll; Metcalfe et al., 1985; Raible and Kruse, 2000) . Only the stationary portion, i.e., the ganglion precursors and the later ganglion, expresses re-2a (Fig. 4A-C,G) . re-1a Transcription levels in the posterior lateral line placode and ganglion do not rise above the level in the surrounding mesodermal tissue,but are seen in the neuromasts of the lateral line during early larval stages (Fig. 4H) . re-1 And re-2 proteins are strongly detected in the lateral line nerves and their ganglia (Fig. 5A,B) .
Spinal cord
The distribution of different types of neurons in the spinal cord has been previously studied in detail (Bernhardt et al., 1990; Appel et al., 1995; Beattie et al., 1997; Lewis and Eisen, 2001; Downes et al., 2002) . From 18 hpf onward, re-1a/re-2a mRNA and protein are detected in Rohon-Beard neurons (rbs), primary motorneurons (pmns) and interneurons, and their extending axons. Figure 4D illustrates the rostrocaudal progression of differentiation in the spinal cord: In the anterior spinal cord, numerous cells between the dorsal row of rbs and the ventral row of pmns (most likely interneurons and different classes of commissural neurons) express re-2a, whereas, in the posterior spinal cord, only rbs do so. re-1a And re-2a transcription in rbs and motor neurons disappears after 30 -36 hpf (Fig. 4E) . re-1 And re-2 proteins are stained along the axons of the three primary motorneurons of each spinal segment, the rostral pmn (R), the middle pmn (M), and the caudal pmn (C; Fig. 3G-I ).
Reggie-1a and reggie-2b in nonneural tissues
Head mesoderm, head neural crest, pharyngeal arches, and fins. re-1a And re-2a mRNAs are transcribed uniformly over the entire embryo up to 16 hpf and condense thereafter into paraxial head mesoderm (pmd; Figs. 4F, 8B) and head neural crest cells. Neural crest cells expressing re-1a and re-2b include a population posterior to the eye contributing to the formation of the pharyngeal arches (Schilling and Kimmel, 1994 ) and a rostral population of presumptive cartilage precursors lining the eye, the olfactory organ, and the optic fissure (Tongiorgi et al., 1995; Figs. 2E,H, 8A,C) . Strong transcription and translation of re-1a and re-2b could also be seen in cells along the isthmus (Figs. 6A, 8A) . By 48 hpf, when cranial cartilage and muscle begins to differentiate in the anterior pharyngeal arches (Kimmel et al., 1995 (Kimmel et al., , 1998 Schilling and Kimmel, 1997) , the epithelial boundaries between individual arches display strong re-1a and re-2b expression (Fig. 8F,G) . At 60 hpf, early cranial muscles surrounding the mouth and the eye express high levels of re-1a and re-2b (data not shown). The mRNAs are concentrated in small spots at the ends of the muscles, where the muscle is anchored in surrounding tissue or meets cranial nerves innervating it. This staining pattern in cranial muscles is seen up to 5 dpf and is illustrated in Figure 8I , which shows expression of re-2b at the dorsal edge of the levator arcus palatini (lap), a muscle of the mandibular arch. The enveloping mesenchyme at the margin of a subset of pharyngeal cartilages, i.e., the Meckel's (mc), the hyosympletic, and the five ceratobranchial cartilages, are stained at 5 dpf (Fig. 8D) . In the branchial arches, expression of re-2b extends into small buds emerging from the surface of the gill filaments, precursors of the widely branched gill lamellae of the adult fish (Fig. 8H,J) . In summary, re-2b expression in the head appears in a broad variety of different cell types: in the blocks of paraxial mesoderm, in neural crest cells, in the epithelia separating single pharyngeal arches, at the base of cranial muscles, and in cells surrounding the core of pharyngeal cartilage.
The pectoral fin bud emerges from the mesenchyme around 30 hpf (Kimmel et al., 1995) . At this time, cells at the basis of the bud strongly express both re-1a and re-2b. At 50 hpf, the center region (mesenchymal condensations) of the pectoral fin bud (pf), but not the enveloping ectoderm, expresses re-1a and re-2b (Fig. 8F) . At 5 dpf, the center region of the pectoral fin is occupied by nonstained cartilage, and only a mesenchymal layer between the cartilage and the epidermis expresses re-2b (Fig. 8E) . The tail fin primordium is marked by strong re-1a and re-2b expression, which becomes restricted to scattered single cells in the fan-like array of actinotrichia (collagenous fin rays; Fig. 8Q ).
Somites. The forming somites and the presomitic mesoderm evenly express re-1a and re-2b at 12 hpf (sixsomite stage; Fig. 2B,D) and at 17 hpf (Fig. 8K) . Between 20 hpf and 22 hpf, re-1a expression becomes stronger in the somite centers, whereas re-2b expression condenses at the somite boundaries, the myosepta (Fig. 8L,M) . This pattern progresses with differentiation from anterior to Figure 8 posterior with increasing age (Figs. 2E,G, 8N,O) . A sagital section reveals that re-2b expression along the myosepta extends from the surface of the somite to the spinal cord (Fig. 8P) . Both re-1a and re-2b mRNAs disappear from the somites by 3 dpf (compare with Fig. 4H ). No re-2a expression was detected at any stage in the somites (compare with Fig. 2F ). While the anti-re-2 mAB labels the vertical myosepta strongly and the intermittent myomeres only weakly during embryonic and no longer during larval stages (data not shown), the pAB against re-1 also labels somitic muscle cells (Figs. 3G, 9G,I ). Because the re-1-and re-2-positive posterior lateral line nerve runs along the horizontal myoseptum, we examined whether the horizontal myoseptum itself is stained. Double staining with antipaxillin mAB (Fig. 9D-I ) reveals that reggie protein is localized in a row of cells at the surface of the myoseptum (Fig. 9G,I ). At an intermediate focal plane, where the myoseptum is strongly labeled by antipaxillin mAB (Fig.  9E) , re-1 is seen predominantly in the spinal cord and the primary motorneurons (Fig. 9D,F) . The distribution of reggies along the myosepta suggests their presence in nerve fibers running along these structures. However, because we also find an in situ signal along the myosepta, this argues for the presence of reggie mRNA and protein in cell bodies as well. In general, re-1 and re-2 protein levels decrease after 2 dpf in the somites but remain highly expressed in neural tissue.
DISCUSSION
Reggie-1 and reggie-2 are constituents of microdomains that subserve functions in the assembly of specific surface proteins and intracellular signal transduction components, leading to signaling across the plasma membrane, with regulatory effects on the actin cytoskeleton . This view derives from overexpression experiments in Drosophila (Höhne, 2004) , down-regulation in zebrafish embryos treated with antisense morpholinos (Má laga-Trillo et al., 2003; our unpublished data) , and siRNA-treated Hela cells (our unpublished data), which all exhibit morphological changes that require cytoskeletal rearrangements. The tightly coordinated expression of reggies during zebrafish development is consistent with such a morphogenetic role.
Reggies are expressed maternally, implying an early cellular requirement for reggie "signaling scaffolds." Their ubiquitous expression throughout blastula and gastrula stages is indicative of such a function during cell division, migration, and differentiation, which depend on signal transduction and cytoskeletal rearrangements. Likewise, the presence of the reggies in developing axons, growth cones, and filopodia during development and regeneration after injury (Schulte et al., 1997; Lang et al., 1998; Stuermer et al., 2001; Deininger et al., 2003) complies with this view. The punctate pattern that is characteristic of reggie microdomains in culture can be recognized in the zebrafish embryo as well (Fig. 3) . These punctae reflect "flat" noncaveolar plasma membrane microdomains of Յ0.1 m diameter as was demonstrated by immunofluorescence and double immunogold labeling as well as by biochemical assays (Lang et al., 1998; Stuermer et al., 2001) . The existence of distinct microdomains in zebrafish embryos, made up by re-1/re-2a in the nervous system and re-1/re-2b in nonneuronal tissues, indicates that differential assembly of reggie heteromeric microdomains takes place in a tissue-specific manner.
Consistently with observations in cell culture (Stuermer et al., 2001 , cell contact sites in zebrafish embryos and larvae exhibit high levels of re-1 and re-2 protein (Fig.  3) . This exemplifies the ability of reggie microdomains to cluster and form structures such as the "preformed caps" in Jurkat T lymphocytes and the cell-cell contact sites (Lang et al., 1998; Stuermer et al., 2001) , which also are seen in golfish retinal ganglion cells in vivo (Schulte et al., 1997) . Involvement of mammalian reggies in cell adhesion and integrity of epithelia has been suggested before (Schroeder et al., 1994; Bickel et al., 1997) , and a recent study in a fibroblast cell line shows that re-2 is dynamically regulated depending on whether cell contacts are formed or disrupted (López-Casas and del Mazo, 2003) . In the zebrafish embryo, re-2b accumulates in tissues where adhesive contacts play a major role for the structural integrity, such as the somite boundaries. The onset of segmentally patterned expression of re-2b in the somites correlates with the maturation of the vertical myosepta, which has been previously characterized by the accumulation of extracellular matrix proteins such as laminin and the formation of cell processes across the myosepta and to form adhesive contacts with cells of the neighboring somite (Keller, 2000; Crawford et al., 2003) . The mRNA of zebrafish dystroglycan, which participates in the binding of muscle cells to the extracellular matrix (Parson et al., 2002) as well as typical focal adhesion proteins such as focal adhesion kinase (fak) and paxillin (Crawford et al., 2003) are distributed similarly to re-2b mRNA/re-2 protein along the myosepta. A: At 24 hpf, re-2b is expressed in the nc lining the eye and the lens as well as in cells lining the ist. B: A cross-section at the level of the hindbrain shows re-2b expression in the pmd but not in the hindbrain. C: At 50 hpf, the pf and nc lining the eye and the oo express re-2b. D: In the 5 dpf larva, re-2b expression in pharyngeal arches 1-5 lines a subset of cartilages. re-2b Expression is also seen in the pf. E: High magnification of the branchial arches and the pf at 5 dpf shows that the mesenchymal layer surrounding the cartilage, but not the cartilage itself, expresses re-2b. F: At 50 hpf. Asterisks mark re-2b expression in the precursor regions of cranial muscles around the eye. The inner mesenchyme of the pf bud expresses re-2b. The white line indicates the region shown in G. G: re-2b Is expressed in the epithelia separating the four developing branchial arches. H: At 5 dpf. The black box is enlarged in I, the white box in F. I: Closeup view of the posterior rim of the eye shows staining of the end of the lap, whose muscle identity is obvious from its striated pattern. J: Detailed lateral view of the gills reveals re-2b expression in the developing buds of the gill filaments. K: re-2b Is expressed uniformly over the whole length of a somite at 17 hpf. L: At 22 hpf, expression of re-1a becomes stronger in the center regions of the anterior somites. M: At 20 hpf, expression of re-2b marks the vertical ms of the anterior somites. N: At 30 hpf, re-1a is expressed at high levels in the sc and at low levels at the margins of the somites. O: At 30 hpf, re-2b is expressed along the vertical ms. The dashed line indicates a sagital section shown in P. P: Sagital section of the tail shows that re-2b expression along the ms runs from the somite surface to the spinal cord. Q: At 3 dpf, cells at the distal tips of the developing at express high levels of re-1a. nc, Neural crest; ist, isthmus; pmd, paraxial mesoderm; hb, hindbrain; pf, pectoral fin; mc, Meckel's cartilage; hs, hyosympletic cartilage; cb, ceratobranchial cartilage; lap, levator arcus palatini; sb, somite boundary; sc, somite center; ms, myoseptum; spc, spinal cord; at, actinotrichium. Scale bars ϭ 100 m.
A striking feature of reggie developmental expression illustrated here is the abundance in emerging neurons and their axons, to the point that the well-known scaffold of early tracts and commissures can be easily recognized. The expression of re-1a and re-2a overlaps with the wellknown pattern of neuronal differentiation (Wilson et al., 1990) and is up-regulated when neurons extend their axons. In the optic nerve, levels of re-1/re-2 decrease considerably after 3 dpf, when most RGCs have build up their connections to the optic tectum (Stuermer, 1988) . Only a relatively small subset of axons, those from RGCs that are constantly added at the outer margin of the retina during larval growth, join their forerunners in the optic nerve (Stuermer and Easter, 1984) . This speaks for a developmental role of re-1 and re-2 during optic nerve growth, as was concluded based on the up-regulation of re-1 and re-2 in RGCs of adult goldfish during axonal regeneration following optic nerve section (Schulte et al., 1997) .
The distinct expression patterns of reggies during the segmentation period indicate that each gene has become confined to perform an individual, tissue-specific role. For instance, re-2a appears to be required during neurogenesis, whereas re-2b is used in the developing mesoderm, the head neural crest, and the somite boundaries. re-1a mRNA is found in expression domains of either re-2a and re-2b, but cells do not seem to express high levels of both re-2a and re-2b. Reggie-1 can be detected alone, for example in somites and neuromasts, but the same does not apply to reggie-2. Thus, reggie-2s appear to subserve different tissue specificities in conjunction with reggie-1, which might have a separate function on its own. This is in agreement with our findings in Drosophila mutants with deletions in the reggie-1 gene and our unpublished observations on reggie-1 siRNA-treated cells. Under these circumstances, reggie-2 was rapidly degraded, implying that reggie-1 is necessary for the maintainance of reggie-2 protein (Höhne, 2004) .
It is conceivable that microdomains formed by reggie-1 alone coordinate the assembly of types of surface and intracellular proteins different from those of reggie-1 in combination with reggie-2. It is possible that signals arising in these microdomains vary in dependence of the ratio of reggie-1 and -2. An example of the imbalance in reggie-1 and -2 expression induced by overexpression of reggie-1 is the emergence of filopodia in epithelial cells normally not found in these cells (Hazarika et al., 1999; NeumannGiesen et al., 2003) . Moreover, reggie-1 overexpression leads to the emergence of severely malformed flies (Höhne, 2004) . Analogous effects are observed in zebrafish after reggie-1 and -2 knockdowns, which result in malformed fishes (Má laga-Trillo et al., 2003) . Thus, a delicate balance between expression levels of reggie-1 and -2 seems to be required for the appropriate development of cell shape and tissues.
Reggie mRNAs and proteins are found abundantly in the early embryo and accumulate in tissues that proliferate and undergo rapid morphogenetic changes, virtually in all growing structures of the developing zebrafish. From late larval stages, reggies become predominantly neuronal proteins, implying a tissue-specific expressional regulation of reggie in vivo.
The present data show that the ratio of the three zebrafish reggie transcripts is highly variable depending on the cell type. One can speculate that the variable ratio of reggie proteins influences cell morphology in zebrafish embryos and larvae, as it does in cultured cells (Maja Hoegg, Christina Haenisch, Claudia Stuermer, unpublished results) . Neurons expressing both re-1a and re-2a grow axons and dendrites; cells expressing high levels of re-1a and re-2b build up epithelial borders in the pharyngeal arch primordium; and cells in the center of somites expressing almost exclusively re-1a adopt muscle cell morphology. The exquisite spatiotemporal specificity in developmental expression among zebrafish reggies points to fine differences in their gene regulatory sequences. Closer examination of intergenic regions around reggies and the generation of reporter GFP transgenic zebrafish will help clarify this issue.
In summary, developmental events that correlate with elevated reggie gene expression in the zebrafish are the outgrowth of cell processes, cell division, and the establishment of cell-cell and cell-matrix contacts, all of which require the formation of multiprotein complexes and signal transduction across the membrane to effect cytoskeleton regulation and cell shape changes (Kimura et al., 2001; Kioka et al., 2002) . Hence, the dynamic pattern of reggie gene expression might help the early embryo achieve its great variety of morphologically different cell types and tissues.
